Uterine fibroids, benign monoclonal tumors of the uterine smooth muscle cells and fibrous connective tissue, are the most common tumors of the female pelvis, occurring in about 20-30% of women of reproductive age. The cumulative rate of uterine fibroids increases with age, with a tendency of slower increase at older reproductive age. Fibroids may be of various sizes, single or multiple, and are described based on their relationship to the uterine cavity. Those located within the myometrium are called intramural and are considered the most common, occurring in about 58-79% of all patients, while the other locations are submucous which eventually may become intracavitary and subserous fibroids. According to the American Society for Reproductive Medicine (ASRM), uterine myomas are associated with infertility in 5-10% of cases and may be responsible for 2-3% of infertility cases. The growth of fibroids during pregnancy cannot be predicted. Majority of the fibroids' growth occurred in the first trimester. Imaging techniques used for the diagnosis of uterine fibroids include transabdominal and transvaginal twodimensional (2D) and three-dimensional (3D) ultrasound, saline infusion sonography (SIS), and magnetic resonance imaging (MRI). Sonographic assessment of the uterine fibroids includes determination of their number, location, echotexture, and size, by measuring the three maximum diameters (length, width, and height). Serial examinations are necessary to document the interval growth and change in morphology. Combining the advantages of multiple imaging modalities: ultrasound as a noninvasive, nonirradiation, and inexpensive method, and volume acquisition known from CT and MR imaging technologies, 3D ultrasound and 3D power Doppler angiography have become valuable diagnostic tools for the assessment of uterine fibroids. By providing multiplanar imaging, 3D ultrasound not only gives an additional dimension to the uterine scan but also provides a similar quality and less expensive alternative to MRI. Automated volume acquisition minimizes the subjectivity of the ultrasound assessment and can be used for retrospective analysis.
IntroductIon
Uterine fibroids, benign monoclonal tumors of the uterine smooth muscle cells and fibrous connective tissue, are the most common tumors of the female pelvis, occurring in about 20-30% of women of reproductive age. 1 Other frequently used descriptive terms for uterine fibroids are myoma, leiomyoma, and fibromyoma. The cumulative rate of uterine fibroids increases with age, with a tendency of slower increase at older reproductive age. The rate of occurrence is markedly greater in African Americans and patients with familial predisposition. 2 It is estimated that a woman whose mother or sister was diagnosed with fibroid uterus has a 40% chance of developing a fibroid during her lifetime. 3 Cytogenetic and molecular studies strongly suggest a genetic component in the etiology of uterine leiomyomas based on translocations found between chromosomes 12 and 14, 6 and 10, trisomy 12, and deletions of chromosomes 3 and 7. 3, 4 The causes of leiomyomas are unknown; however, they typically arise after menarche and regress after menopause, implicating that estrogen (E), progesterone (P), and perimenopausal increase in luteinizing hormone (LH) act as promoters of their growth. Patients on tamoxifen treatment often experience an increase in leiomyoma growth, as well as patients with increasing body mass index (BMI). 5, 6 It is estimated that the risk of fibroids increases 21% with each 10 kg increase in body weight. Increased risk of fibroids is also noted in patients with an earlier age of menarche, patients who consume alcohol and caffeinated drinks, and is proportional to the duration of alcohol/coffee consumption and a number of drinks per day. 4, 6, 7 Fibroids may be of various sizes, single or multiple, and are described based on their relationship to the uterine cavity. 1, 2 Those located within the myometrium are called intramural and are considered the most common, occurring in about 58-79% of all patients. [8] [9] [10] The submucous fibroids are located beneath the endometrium; they bulge into the uterine cavity and eventually may become intracavitary. Subserous fibroids are at the serosal surface of the uterus, projecting into the peritoneal cavity. Imaging techniques used for the diagnosis of uterine fibroids include transabdominal and transvaginal 2D and 3D ultrasound, SIS, and MRI. 11 This paper reviews the role of different ultrasound modalities, with emphasis on 3D ultrasound in the assessment of infertile patients with uterine fibroids. perfusion, increased and uncoordinated uterine contractility, and occlusion of the tubal ostia. 12 Numerous studies attempting to assess this relationship failed due to small sample size, insufficient study design, and lack of correction for important confounding variables. 13, 14 While it is widely assumed that subserous fibroids do not affect fertility, patients with submucous fibroids show significantly lower pregnancy rates and their removal may enhance live birth rates. 14 Currently, the most important unresolved issue is the assessment of the relationship between intramural fibroids and infertility, although it would appear logical that larger intramural fibroids interfere more with reproductive performance. Also, there is no clear evidence that myomectomy for intramural fibroids is beneficial to fertility. 14 It has been reported that uterine contractility during the midluteal phase may play an important role in embryo implantation and pregnancy outcomes. Impaired uterine peristalsis noticed in some patients with intramural fibroids requires further evaluation. Yoshino et al. 15 used a cine-mode-display MRI to assess the frequency of uterine contractions in mid-luteal phase of 95 patients with regular menstrual cycles and evidence of intramural fibroids not distorting uterine cavity. After separating patients into the two groups: (1) patients exhibiting low-frequency peristalsis (<two times in 3 minutes) and (2) patients with high-frequency peristalsis (≥two times in 3 minutes), the authors found that none of the 22 patients with high-frequency peristalsis achieved pregnancy. Interestingly, the pregnancy rate in the group of 29 patients with low-frequency peristalsis was 34% (p < 0.005). 15 These results indicate that the reproductive performance of patients with intramural fibroids may be compromised due to abnormal uterine contractility. Yan et al. 16 performed a retrospective study of 249 patients with intramural fibroids not distorting uterine cavity who underwent an in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) procedure. While no difference was detected in the IVF/ICSI outcomes between the patients with different sizes of the uterine fibroids, significantly impaired live birth rates (p < 0.043) were reported for the patients whose intramural fibroid largest diameter exceeded 2.85 cm. 16 According to the ASRM, uterine myomas are associated with infertility in 5-10% of cases and may be responsible for 2-3% of infertility cases. 17, 18 All confounding variables are difficult to control when searching for the impact of fibroids on infertility, and the association between reproductive dysfunction, miscarriage, and fibroids is not clearly established. More studies are needed to determine the clinical importance of the size, location, morphology, and proximity to the endometrium of intramural fibroids regarding the reproductive potential and pregnancy complications rate.
sIgns A n d symptoms
The symptomatology of the uterine fibroids is determined by the size, location, and extension of the degenerative changes. 19 Many women with myomas remain asymptomatic.
Typically, submucous and intramural fibroids distorting the uterine cavity often result in abnormal uterine bleeding, clinically presenting as menorrhagia, dysmenorrhea, and intermenstrual spotting. Large uterine fibroids sometimes produce increasing abdominal girth associated with abdominal/pelvic discomfort or pain. An anterior leiomyoma often leads to urinary frequency and urgency, while posterior leiomyoma may be associated with lower back pain, rectal pressure, constipation, and rarely, leg discomfort and swelling.
HormonAl pAttern
Numerous studies have shown that E and P regulate most of the genes that encode growth factors which promote smooth muscle cells growth, while the use of GnRH agonist (GnRH-a) lead to a rapid decrease in the uterine fibroid size. [20] [21] [22] [23] Bourlev et al. 24 compared the growth pattern of the uterine leiomyomas during proliferative and secretory phases of the menstrual cycle by assessing the expression of sexsteroid receptors in their peripheral and central portions. Paired biopsy specimens confirm that during the secretory phase of the menstrual cycle, mitosis is significantly higher in the peripheral than in the central part of the uterine fibroids. During the proliferative phase, apoptosis shows the same pattern. 24 Wei et al. 25 compared the gene expression of selected genes in the uterine fibroids and normal myometrium. They confirmed that the expression of hypoxia-inducible factor-1 (HIF-1) is more pronounced in the peripheral portion of the fibroid compared to its central part. These observations illustrate that the fibroids typically grow from the periphery. [25] [26] [27] [28] However, sex steroids are not the only regulators of the uterine leiomyoma growth. Numerous studies have demonstrated the presence of mesoderm specific growth factors and their receptors in the myometrial and leiomyoma tissue. [29] [30] [31] [32] [33] [34] 
uterIne FIbroIds A n d pregnAncy
Fibroid growth in pregnancy may be affected by increase in E and P levels, human chorionic gonadotropin (hCG), and uterine blood flow. Several ultrasound and Doppler studies attempted to assess the effect of fibroid size, location, and number on pregnancies. [35] [36] [37] [38] [39] The conclusion of these studies is that the growth of fibroids during pregnancy cannot be predicted. Majority of the fibroids' growth occurred in the first trimester. 35, 36 Fibroids measuring ≤5 cm in diameter were more likely to remain stable in size, while larger fibroids were more likely to grow. The mean increase in fibroid volume during pregnancy is on average 12%, and only a small proportion of the fibroids (22%) increased by more than 25%. [37] [38] [39] Although majority of the patients with uterine fibroids do not report any complications, some authors reported slightly increased risk of complications such as miscarriage, preterm labor, antepartum bleeding, placental abruption, malpresentation, and dysfunctional labor. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] The available information is limited by inadequate methodology and study population selection, small sample size, different criteria used regarding the number, size, and location of the fibroids, limited number of adverse events, and inadequate adjustment of cofounding variables. [52] [53] [54] [55] [56] However, studies consistently report that uterine leiomyoma are associated with an increased risk of cesarean delivery. 57, 58 ImAgIng Diagnosis of the uterine fibroids is based on enlargement, distortion of the contour, and textural changes of the uterus. 59 Subserous and especially pedunculated fibroids can be mistaken for a number of conditions, including an ovarian neoplasm, bicornuate uterus, blind uterine horn, or even an ectopic pregnancy. Similarly, submucous and intracavitary fibroids are often confused with endometrial polyps. The use of complementary imaging modalities, such as different forms of ultrasound (2D and 3D transabdominal and transvaginal ultrasound, 2D color Doppler and 3D power Doppler ultrasound), contrast ultrasound studies (e.g., 2D and 3D SIS), and MRI may be necessary to confirm the diagnosis. 60
2d ultrAsound A n d color doppler FeAtures
Sonographic assessment of the uterine fibroids includes determination of their number, location, echotexture, and size, by measuring the three maximum diameters (length, width, and height). Serial examinations are necessary to document the interval growth and change in morphology.
Leiomyomas arise from the uterine myometrium and consist of the fascicles of smooth muscle cells and extracellular matrix. 61 Small fibroids typically appear as subtle changes in myometrial echogenicity. The increased amount of the extracellular matrix in an acellular area between the cells and a higher number of E and P receptors distinguishes the leiomyoma from the normal, surrounding myometrium. A well-delineated outline created by compressed muscle fibers forms a firm whorled surface, representing a pseudocapsule. 62, 63 On transabdominal and transvaginal ultrasound, this area appears as an echogenic peripheral zone, while on color Doppler ultrasound, it is visualized as a "ring of fire" (Fig. 1 ). [64] [65] [66] Submucous fibroids are visualized as round or elongated hypoechogenic subendometrial lesions. Sometimes they extend into the uterine cavity, may become intracavitary, pedunculated, and may even prolapse through the cervix. 63 They are differentiated from the endometrial polyps based on echogenicity and visualization in continuity with myometrium ( Fig. 2) . Color Doppler ultrasound typically reveals scattered vessels with moderate vascular impedance, although a wide range of vascularity signals may be obtained depending on the size, cellularity, and age of the fibroid. Degenerative submucous/intracavitary fibroids may display central low impedance blood flow signals. 65, 66 After initial transvaginal ultrasound, SIS is recommended for improved visualization of the thickness of overlying myometrium and surgical planning. 67 Top differential diagnosis is an endometrial polyp, which is usually visualized as a hyperechogenic endometrial lesion with no continuity with the underlying myometrium. Contrary to leiomyoma scattered vascular pattern on color Doppler ultrasound, endometrial polyps show a single vascular pedicle.
Intramural fibroids are the most common fibroids, affecting about 40% of women after age of 35 years. 3 If uncomplicated, they are visualized as homogenous round, well-defined myometrial lesions. Majority of intramural fibroids are asymptomatic; however, 25-30% of the patients may present with menorrhagia, polymenorrhea, menometrorrhagia, bloating, pressure effects, Subserous fibroids are usually visualized as homogenous, round, well-defined masses protruding from the uterus with similar echogenicity as myometrium. Sometimes pedunculated myomas cannot be detected by transvaginal ultrasound, but only with transabdominal approach. In this case, color Doppler ultrasound enables visualization of the vessels in the leiomyoma stalk. Identification of the vascular resistance of these vessels may assist in identification of the uterine origin of the tumor. Rarely pedunculated fibroid may twit on its pedicle, infarct, and undergo necrosis. Eventually, they may detach and become infected. 65, 66 In these cases, pulsed Doppler ultrasound reveals increased vascularity accompanied with low vascular impedance signals (Fig. 3 ).
Different types of degenerative changes are associated with alteration in fibroid's echotexture. With aging, the leiomyoma may undergo different types of degenerative changes. Hyaline degeneration is considered the most common, affecting about 60-70% of the uterine fibroids. 65, 66 On ultrasound, it is recognized as loss of leiomyoma whorl appearance which occurs when the fibroid gradually outgrows its blood supply. When advanced, fibroids with hyaline degeneration may undergo fat degeneration, which is visualized as hyperechogenic well-delineated fatty deposits, with posterior attenuation (Fig. 4) . Calcific degeneration occurs when calcium binds to phospholipids within the membrane of the necrotic cells. These changes are recognized as bright reflectors with posterior shadowing and may vary from focal areas to extensive calcifications, usually observed in older women (Fig. 5 ). 65 Cystic degeneration is recognized as the presence of hypoechoic areas within the leiomyoma. Cystic spaces appear as round and well-demarcated sonolucent areas (Fig. 6 ). 66 Although the majority of degenerating fibroids are asymptomatic, sometimes they may present with acute pelvic pain, leukocytosis, nausea, and vomiting.
tHe Added VAlue o F 3d ultrAsound
Ultrasound has evolved so quickly and now has it all: from realtime imaging, through functional Doppler assessment to volume rendering. By providing multiplanar imaging, 3D ultrasound not only gives an additional dimension to the uterine scan but also provides a similar quality and less expensive alternative to MRI. Automated volume acquisition minimizes the subjectivity of the ultrasound assessment and can be used for retrospective analysis ("reevaluation at any time from any view and any orientation"). 64, 65 In patients with enlarged uterus and multiple fibroids, tomographic ultrasound imaging (TUI) is recommended for improved mapping of the uterine fibroids. 64 Simultaneous display of the coronal, sagittal, and transverse planes contributes to better localization and more accurate volume estimation of the uterine lesions. The volume display and OmniView improve the assessment of the continuity of the fibroids in different projections, leading to better concordance with intraoperative findings (Fig. 7) .
Saline infusion sonography is a minimally invasive ultrasound technique that involves infusion of a small volume of sterile saline into the uterine cavity, followed by a pelvic ultrasound evaluation. 67 Saline acts as a negative contrast medium which clearly delineates hyperechogenic endometrial lining (Fig. 8) . The procedure can be performed under the guidance of 2D and 3D ultrasound. 3D SIS can precisely depict submucous and intracavitary fibroids, determine their size and extent of protrusion, which is important for planning of a hysteroscopic resection ( Fig. 9.) . When the entire fibroid is visualized arising from the pedicle, the lesion is classified as intracavitary ( Fig. 10) . 3D SIS is reported as superior to hysteroscopy for determining the depth of fibroid penetration to the endometrium and/or myometrium. 67 It is well-known that malignant tumors are characterized with abundant and disorganized blood flow patterns, whereas benign lesions show regular, predominantly peripheral vessel distribution (Fig. 11 ). [68] [69] [70] Neovascularization represents a network of capillaries and larger vessels, whose wall is devoid of smooth muscle cells and elastic fibers, which on spectral Doppler analysis manifests as reduced vascular impedance. Vascular resistance measured by angle independent Doppler parameters, the resistance (RI) and pulsatility index (PI), is largely dependent on the fraction of arterioles in the microcirculation. 71 Reported variations in blood flow in malignant tumors after radiotherapy suggest that the same technology has a potential to predict a response of a tumor to treatment. 72 3D power Doppler angiography enables objective assessment of the vessels' density and quantification of the amount of blood within a volume of the tumor tissue, leading to a new concept of "virtual tumor biopsy." 73 The use of contrast agents is another possibility for enhancing the 3D power Doppler examination by increasing the detection rate of capillaries with small diameter.
Although uterine leiomyosarcoma is a rare tumor, accounting for only 1-3% of all genital tumors, it is characterized with poor prognosis due to early dissemination. 69, [74] [75] [76] As gynecologists are more frequently choosing to use conservative treatment for uterine fibroids (e.g., pharmacologic treatment, uterine fibroid embolization, MR-guided focused ultrasound, and ultrasoundguided fibroid sclerozation), uterine leiomyosarcoma may become more common in the near future. 77 Clinically, this malignant tumor presents with atypical signs and symptoms, similar to the uterine leiomyoma such as abnormal uterine bleeding, palpable pelvic mass, lower abdominal pressure, and increase in size of the uterus after the onset of menopause. 64, 78 On ultrasound, leiomyosarcoma is presented as solid or complex tumor. Color Doppler reveals irregular and randomly dispersed vessels with high velocity and low vascular impedance. 78 Demonstration of the irregular branching of the vessels with uneven diameter, microaneurysms, and stenosis are typical 3D power Doppler angiography features of the leiomyosarcoma neovascularization ( Fig. 12 ). 79 conclusIon While there is a consensus that submucous uterine fibroids distorting the uterine cavity are associated with infertility and early pregnancy loss, the clinical relationship of intramural fibroids and infertility remains unclear. Because the effect of fibroids on implantation may not be reflected on the endometrium overlying the submucous or intramural fibroids, future studies should focus on the assessment of global effects such as alteration of vasoconstriction factors, fibrinolytic and anticoagulant activity, and endometrial gene expression. 80 Combining the advantages of multiple imaging modalities: ultrasound as a noninvasive, nonirradiation, and inexpensive method, and volume acquisition known from CT and MR imaging technologies, 3D ultrasound and 3D power Doppler angiography have become valuable diagnostic tools for the assessment of uterine fibroids. Despite many advances in molecular and genetic linkage analysis, efficient diagnosis by high-resolution ultrasound imaging, introduction of minimally invasive techniques of leiomyoma embolization, uterine artery occlusion, and high focused ultrasound therapy, an integration of knowledge is required to assist in improved understanding of this most common gynecologic neoplasm of reproductive age women. Identification of the causes of the uterine fibroids is difficult because of their phenotypic complexity and variability. Therefore, combination of the basic science, genetic, clinical, and high-resolution multiplanar imaging studies is required for a better understanding of the etiopathogenesis and management of these common uterine tumors.
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